The ribosomal protein SA (RPSA), also known as 37-kDa laminin receptor precursor/67-kDa laminin receptor (LRP/LR), has been identified as a multifunctional protein, playing an important role in multiple pathologies like cancer and prion diseases. Since RPSA is involved in the binding and internalization of the prion protein, mutations in the ovine RPSA gene, influencing the RPSA-PrP C /PrP Sc binding, can potentially play a part in the resistance to prion diseases. Our goal was to further characterize the complex RPSA gene family and to detect structural mutations which can play a role in this disease. In a prior study, 11 ovine pseudogenes were detected experimentally. As the whole genome shotgun ovine genome became accessible, an in silico genome-wide screening was performed and 37 new pseudogenes (36 processed and one semi-processed pseudogene) were detected, bringing the total to 48 ovine RPSA pseudogenes. Additionally, the complete bovine genome was screened in silico and 56 pseudogenes were identified. Once these sequences were known, it was possible to analyze the presence of mutations in the coding sequence and exon-flanking regions of the ovine functional full-length RPSA gene without the interference of pseudogenic sequences. Nineteen mutations were found: one in the 5' UTR, a silent one in the coding region, and seventeen in the exon-flanking regions, including an interesting mutation in the SNORA62 gene, localized in intron 4 of RPSA, leading to potential ribosomal defects. Structural mutations of the RPSA gene can be ruled out to play a role in transmissible spongiform encephalopathies but regulatory mutations still can have an effect on these diseases.
The ribosomal protein SA (RPSA), also designated as the 37-kDa laminin receptor precursor (LRP)/67-kDa laminin receptor (LR), is a protein that is involved in a broad range of functions. It is located on the cell surface as well as in the cytoplasm, the perinuclear compartment, and the nucleus (Nelson et al., 2008) . In the cytoplasm, the protein is involved in the maturation of the 40S ribosomal subunit, and in the nucleus it is associated with histones (Ardini et al., 1998; Kinoshita et al., 1998) . The function in the perinuclear compartment has yet to be elucidated but Sato et al. (1996) postulate that RPSA is a ligand protein between the nuclear envelope and chromatin DNA. As cell surface receptor it binds with high affinity to laminin, an extracellular matrix protein, hence playing an important role in tumor invasion and metastasis. Furthermore, it binds to other extracellular matrix molecules like elastin and carbohydrates. Besides cellular ligand, it acts as a receptor for different pathogens, e.g. viruses and respiratory tract pathogens (Nelson et al., 2008; Orihuela et al., 2009) . RPSA also plays an important role in transmissible spongiform encephalopathies (TSEs). It not only acts as a receptor for cellular prion proteins (PrP C ) and infectious prions (PrP Sc ), but it is also involved in the propagation of prion diseases as well (Gauczynski et al., , 2006 Leucht et al., 2003) .
The RPSA-PrP C /PrP Sc interaction was proven by using the yeast two-hybrid technology and by in vivo experiments using various cell lines or tissue lysates (Gauczynski et al., , 2006 . Additionally, the interacting binding domains of RPSA and PrP C were determined. On RPSA there are two binding domains, a direct binding domain located between aa 161 and 179 (encoded by the last part of exon 4 and the first part of exon 5) and an indirect heparan sulfate proteoglycan (HSPG)-dependent binding domain that is presumed to be located between aa 180 and 285 (encoded by the last part of exon 5, exon 6, and the first part of exon 7) . On PrP C , the domain between aa 144 and 179 was identified as the direct binding domain to RPSA and the domain between aa 53 and 93 as the indirect HSPG-dependent binding domain to RPSA .
Differences in the amino acids involved in the RPSA-PrP C /PrP Sc interaction could lead to variability in scrapie susceptibility. It is well established that the susceptibility to scrapie is influenced by polymorphisms of the PRNP gene encoding the PrP protein. In classical scrapie, codons 136 (A or V), 154 (R or H), and 171 (R, Q or H) are the major polymorphisms associated with variability in scrapie susceptibility. In atypical scrapie on the other hand, it is codon 154 (R or H), besides codon 141 (L or H) , that has the greatest influence (Moum et al., 2005; Hunter, 2007) .
It was already established that there is a high degree of sequence conservation between mammalian RPSA proteins, all of which are almost identical. The human RPSA protein has an amino acid identity of 98.99% with its porcine and murine ortholog and 98.3% with its bovine ortholog, as demonstrated by Knorr et al. (2007) . RPSA exhibits multiple functions that are important for the cell viability, if not essential, and this is often reflected in extreme sequence conservation. RPSA proteins in vertebrates are sharing the ribosomal functions with their homologs in invertebrates and consequently have the lowest divergence in the first two-thirds of the protein where that function is localized. Later on in evolution, they acquired a laminin binding potential that is situated at the C-terminal of the protein and that is also essential for cell viability, as has recently been demonstrated by Scheiman et al. (2010) . This explains why also the last part of the sequence is highly conserved in mammals.
On the other hand, it is possible that there are polymorphisms that do not affect the laminin binding capacity or ribosomal functions but have an effect on the RPSA-PrP C /PrP Sc interaction. They could partially explain the species barrier which makes it more difficult to transmit a certain prion strain from one species to another which leads to longer incubation times. Furthermore, some species like rabbits, pigs, and dogs seem to be completely resistant to natural infection of prion diseases and this resistance is probably a consequence of the conformation of the prion protein of the host species and therefore the amino acid sequence of PrP (Lysek et al., 2005) . Nevertheless, as the RPSA protein is necessary for prion propagation, differences in both the RPSA conformation and the PRP conformation can affect the binding between both proteins and have a putative role in the strength of the species barrier (Marcos-Carcavilla et al., 2008) . Mutation detection of the RPSA gene, however, has been hampered by the presence of multiple pseudogenes, with sequences highly similar to the functional full-length gene. Previously, we identified 11 ovine RPSA pseudogenes experimentally and named them RPSAP1 to RPSAP11 (Van den Broeke et al., 2010) . Now that the sheep genome became accessible, we wanted to identify in silico as many additional ovine pseudogenes as possible with a sequence similarity with the functional full-length gene of at least 60% and study the conservation with their bovine orthologs. Once these sequences were known, it was possible to analyze the presence of mutations in the coding sequence (CDS) and exon flanking regions of the functional full-length ovine RPSA gene without the interference of pseudogenic sequences.
MATERIAL AND METHODS

In silico identification of ovine and bovine
RPSA pseudogenes
The whole genome shotgun (WGS) assembly Ovis_aries_1.0 (GenBank: ACIV010000000) is the current draft assembly of the sheep genome, composed of short ovine sequences (± 100-1000 bp long), aligned using the bovine genome (reference assembly, based on Btau_4.0) as the initial guide, but still containing a lot of gaps (Archibald et al., 2010) . This database was screened via BLAST (Altschul et al., 1990) with the ovine RPSA mRNA sequence (GenBank: EF649775), the ovine RPSA genomic sequence (GenBank: GQ202529), and the ovine and bovine RPSA pseudogene sequences previously described by Van den Broeke et al. (2010) .
The bovine genome on the other hand is completely sequenced (The Bovine Genome Sequencing and Analysis Consortium et al., 2009 ). This genome (reference assembly, based on Btau_4.6.1) was screened via BLAST (Altschul et al., 1990) with the bovine RPSA mRNA sequence (GenBank: NM_174379), the bovine RPSA genomic sequence (GenBank: NC_007320.5), and the bovine and ovine RPSA pseudogene sequences described by Van den Broeke et al. (2010) .
Potential ovine and bovine pseudogenic matches were classified as pseudogenes if they had a homology of at least 60% with their RPSA gene. In one case (RPSAP28), the homology between the ovine pseudogene and RPSA was less than 60% but the pseudogenic sequence was classified as pseudogene since the homology of its bovine ortholog with bovine RPSA was 64%. A second requirement was a minimum length of 100 bp and a homology with at least 2 exons of the functional full-length RPSA gene.
Open reading frames were detected with the online program NCBI Open Reading Frame Finder (www.ncbi.nlm.nih.gov/gorf/gorf.html) and sequences repeated with the RepeatMasker program (www.repeatmasker.org).
It was not possible to identify an ortholog of a particular ovine or bovine pseudogene by performing a screening via BLAST (Altschul et al., 1990) on the bovine or ovine genome respectively, using the sequence of that pseudogene because this resulted in multiple pseudogenes with sometimes higher sequence similarity with each other than with their putative ortholog. As orthologs of genes are located in syntenic regions, the flanking sequences of the pseudogenes were used to identify the corresponding orthologs. Pseudogenes were classified as orthologs if their sequence and 200 bp upstream and downstream of their sequence shared a homology of at least 85%.
Mutation detection of the RPSA gene in sheep
Genomic DNA was isolated from 100 µl blood, via a proteinase K lysis as described in Van Poucke et al. (2005) , of 33 unrelated Belgian sheep covering 7 breeds (5 Ardense Voskop, 4 Bleu du Maine, 5 Hampshire Down, 5 Rouge de l'Ouest, 4 Suffolk, 5 Texel, and 5 Vlaams Kuddeschaap), 9 PRNP genotypes (based on codon 136, 154, and 171), and both sexes (Table 1) . Five primer pairs, amplifying the whole coding and the exon-flanking region of RPSA, were developed with the software Primer3 (Rozen and Skaletsky, 2000) taking into account potential secondary structures of the amplicon by analysis with Mfold (Zuker, 2003) . All primer *NSP classification system used in the United Kingdom for genetic resistance to scrapie with NSP1 class, the genetically most resistant class, and NSP5, the genetically most susceptible class F = female, M = male pairs were designed to amplify the RPSA gene and none of the RPSA pseudogenes (for amplicon characteristics see Table 2 ). PCR was performed with 0.5 U FastStart Taq DNA Polymerase (Roche Diagnostics Belgium, Vilvoorde, Belgium), 2.0mM MgCl 2 , 200µM (each) dNTPs (Bioline Reagents Ltd., London, UK), 500nM of each primer, and 200 ng DNA. PCR conditions were 5 min at 95°C, 40 cycles of 30 s at 95°C, 30 s at the annealing temperature, 1 min at 72°C, and a final 10 min elongation at 72°C. All amplicons were sequenced as previously described in Van den Broeke et al. (2010) . Sequencing data were analyzed with the Clustal W program (Larkin et al., 2007) .
Promoter elements and putative transcription factor binding sites were identified with programs as neural network promoter prediction (Reese, 2001) , Cister (Frith et al., 2001) , Signal scan (Prestridge, 1991), and TFSEARCH (Heinemeyer et al., 1998) . miRBase was used to find possible targets of microRNAs in the RPSA gene (Kozomara and Griffiths-Jones, 2011) .
RESULTS AND DISCUSSION
In silico identification of ovine and bovine
RPSA pseudogenes
The availability of the Ovis aries 1.0 genome assembly (Archibald et al., 2010) enabled us to identify in silico 37 RPSA pseudogenes additional to the ones that were already discovered experimentally ( Van den Broeke et al., 2010) . This brings the total to 48 ovine RPSA pseudogenes (Table 3, Figure 1 ), a number that is in the same range of number of pseudogenes discovered by Balasubramanian et al. (2009) in their in silico genomewide screening study in fully sequenced genomes, namely 63 processed RPSA pseudogenes in human, 45 in mice, 52 in chimpanzee, and 45 in rat. Not all the experimentally discovered pseudogenes of our previous study were found in the whole genome shotgun sheep genome ( Van den Broeke et al., 2010) . The recent species specific ovine pseudogenes RPSAP1,2,5,7-10 were not present in the WGS sheep genome build. Because the International Sheep Genomics Consortium (ISGC) aligned ovine sequences to the bovine genome to create the whole genome shotgun sheep genome, we suppose that the pseudogenic sequences, which did not show any similarity with the bovine genome, could not be aligned to the bovine genome and thus were not included in the WGS build (Archibald et al., 2010) . The ovine pseudogenes share from less than 60-98% nucleic acid sequence identity with the ovine functional full-length RPSA gene. The pseudogenes with a lower similarity were not detected due to our study design.
One newly found pseudogene (RPSAP19) is a rare "semi-processed" pseudogene still possessing a remnant intron 4 bearing the SNORA62 gene. The term "semi-processed pseudogene" was first proposed by Zhang et al. (2008) and is used for pseudogenes generated by retrotransposition of partially spliced premature mRNA. The other two "semi-processed" pseudogenes of the ovine RPSA gene family, RPSAP8 and RPSAP9 (GenBank: GQ202537 and GQ202538), also bear intron 4 including the sequence of the SNORA62 gene. snoRNAs are often localized within introns 
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RPSAP43 ov SINE bov SINE of non-protein-coding genes (Dieci et al., 2009) . They mostly do not have an independent promoter but are synthesized cotranscriptionally with their host genes. They are processed from pre-mRNA by exonucleolytic digestion of the debranched lariat (Kiss et al., 2004) . "Semi-processed" pseudogenes are generated presumably from partially spliced premature mRNA. Normally, the spliceosome removes all the intronic fragments from the primary RNA transcripts. When an intron is still present in the pre-mRNA and it is reversely transcribed in cDNA, semi-processed pseudogenes arise. It is remarkable that all "semi-processed" pseudogenes of the RPSA gene family carry a snoRNA gene. Probably, the splicing of the introns with snoRNA gene is hampered in one way or another.
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All the other pseudogenes are processed and are exhibiting one or more typical features of processed pseudogenes. Some pseudogenes are disrupted by inserted sequences, mostly SINE (e.g. RPSAP38 and RPSAP43), while other pseudogenes have large sequence deletions (e.g. RPSAP4 and RPSAP35) (Figure 1 ). Most pseudogenes carry frameshift mutations or have premature stop codons in their sequences. The ORF of RPSAP7 (295 amino acids with 99% sequence identity to the functional RPSA protein), discovered in our previous study, was the longest ORF of all 48 pseudogenes.
A BLAST analysis of the updated bovine genome (reference assembly, based on Btau_4.6.1) identified 56 potential bovine RPSA family members. In our previous study 60 bovine RPSA family members were identified in silico (reference assembly, based on Btau_4.0) but some of them were withdrawn from the current reference assembly. For instance, some unplaced genomic scaffold turned out to be part of already annotated regions and therefore some pseudogenes with two LOC names were actually the same pseudogene (e.g. LOC789047 withdrawn from current assembly is the same pseudogene as LOC783961). Some parts of certain bovine pseudogenes are designated in GenBank as "ribosomal protein SA-like" by an automated computational analysis tool (see Table 3 ). However, the annotation is often not complete or incorrect. For instance, 3000 bp of the flanking intergenic region of the pseudogene RPSAP47 are annotated as a component of the pseudogene in LOC786360. LOC100297616 (RPSAP51) is annotated as "ribosomal protein S24-like" but is actually a pseudogene of RPSA. In LOC781120 (RPSAP55), some parts of the sequence are labeled as exons and other parts as introns but this is a processed pseudogene. In this study, the position of the pseudogenes and their features (the present exons, insertions, and deletions) are determined through careful sequence analysis and differ largely from the automatically generated data.
The bovine pseudogenes are displaying 64-92% sequence identity with the bovine RPSA gene. Thirty-three bovine pseudogenes can be catalogued as "processed pseudogenes" and 17 as "pseudogenic fragments" as they have lengths less than 70% of the parent protein . The ovine pseudogenes cannot be catalogued because their sequence is often incomplete due to the absence of a complete version of the sheep genome (Figure 1 , gaps in the sequence in green).
Most processed pseudogenes described in literature are more truncated at the 5' site than at the 3' site. Processed pseudogenes arise by incorporation of transcribed cDNA. As the reverse transcription process starts at the poly-A tail (3' site), the 5' site will be incomplete when there is premature termination of the process (Zhang et al., 2002) . However, in our group of processed pseudogenes, the truncation is the highest at the 3' site and more experimental data is needed to clarify this inconsistency.
Forty-two ovine pseudogenes have a bovine ortholog. The ovine and bovine orthologs share 88-97% nucleic acid identity with each other. Six of the experimentally discovered ovine pseudogenes (RPSAP1, RPSAP5, RPSAP7, RPSAP8, RPSAP9, and RPSAP10) do not have a bovine ortholog. The surrounding sequences were found without the interruption of a bovine pseudogene. For fourteen bovine pseudogenes, no ovine ortholog could be found. As the current sheep genome sequence is a pool of short ovine sequences with a lot of gaps, this is not evidence that the ovine ortholog does not exist. As the whole sheep genome becomes accessible, ovine orthologs of those bovine pseudogenes can be excluded completely. No conclusions on chromosomal rearrangements between the ovine and bovine genome can be made because the location on the ovine chromosomes is not experimentally verified.
Mutation detection of the RPSA gene in sheep
In the present work, a mutation analysis was conducted to detect structural mutations of the ovine RPSA gene. When carrying out a mutation study of genes from gene families, one has to pay attention that only the desired gene is amplified and none of the related (pseudo)genes. In this mutation study, the strategy was to use exonspanning primers situated in the introns as all of the discovered ovine pseudogenes were processed or semi-processed pseudogenes bearing a single intron. Because the genome of the sheep has not been fully sequenced yet, there is a chance that some ovine pseudogenes have not yet been discovered. However, we screened the fully sequenced bovine genome and discovered only processed or semi-processed pseudogenes bearing a single intron (all ± 90% sequence identity with their ovine ortholog) and therefore we can assume that it is very likely that the ovine RPSA gene family also consists of those types of pseudogenes. This strategy was successful as none of the obtained data gave any evidence of co-amplifying pseudogenes. The mutation analysis of the whole coding and the exon-flanking region of RPSA was carried out on 33 unrelated sheep covering 7 different breeds, varying in PRNP genotype at codons 136, 154, and 171. Nineteen mutations were found: one in the 5' UTR, seventeen in different introns, and one in the coding region (Table 4 ). In four out of the nineteen mutations (10, 12, 15, and 19) , a high percentage of the individuals (> 84.8%) were homozygous for one genotype and no homozygotes of the other genotype were detected. This could imply that one homozygous genotype is lethal but this conclusion can only be made if more animals are tested. Mutation 1 is situated in the first exon that is a part of the 5' UTR. Transcription factor elements, including a TATA box, were detected using online prediction programs but mutation 1 was not situated in any of the detected transcription factor elements. The mutations 2-17 and 19 are mutations in introns. None of the mutations are disrupting a splice site. On the other hand, the SNP 10 and the indel 15 are part of the small nucleolar RNAs SNORA6 and SNORA62 respectively. These small nucleolar RNAs, located in introns 2 and 4 of RPSA, are H/ACA box snoRNAs that guide the isomerization of uridine into pseudouridine. They are characterized by two imperfect hairpins that contain two short antisense sequences that can base pair upstream and downstream of the targeted, unpaired uridine (Ganot et al., 1997) . SNORA62 forms a base pair with the uridine at position 3830 and 3832 of 28S rRNA. The indel 15 affects the binding site of SNORA62 with the uridine at position 3830. Ni et al. (1997) demonstrated that a weakened binding site blocked the pseudouridylation of the uridine in question (Ni et al., 1997) . Therefore, we can presume that the mutation causes a loss of pseudouridine in the 28S rRNA and this could result in misfolding of the rRNA with a reduced rate of processing and potential defects in the assembly of the ribosome as a consequence. As there were no homozygous animals detected carrying two indels, it is possible that the effect of the indel is lethal. SNP 10 on the other hand does not alter the H-or ACA-box or the 28S rRNA U3616 PU guide of SNORA6. The folding of the RNA stays unchanged, too.
Mutation 18, a T → C substitution at position 69 of exon 6 and a part of the indirect PrP-binding domain, is a silent mutation T232T. It is known for a while that synonymous mutations can affect protein expression levels (Sharp et al., 1986) . Additionally, the protein folding can be influenced by a silent SNP, possibly changing the function of the protein (Kimchi-Sarfaty et al., 2007; Komar, 2007) .
It has yet to be examined if mutation 18 causes any of these events.
None of the mutations were part of a possible target of microRNA. Most of the mutations are equally represented in different breeds.
Mutation analyses of the RPSA gene were only carried out in Spanish and Chinese sheep breeds and recently one human study was published. Eight of our 19 mutations were also present in the Spanish breeds examined by Marcos-Carcavilla et al. (2008) . They neither found polymorphisms that cause an amino acid change. The amino acid sequence of a local Chinese breed deposited by Qiao et al. (2009) however differs in four amino acids with the sequences mentioned above. These possible polymorphic amino acids cannot be confirmed by any EST of the NCBI databank. In the human mutation study 4 SNPs were observed, including a synonymous one in the coding region (exon 5) (Yun et al., 2011 ). An association study with sporadic Creutzfeldt-Jakob disease found no significant associations.
We can conclude that the CDS of the RPSA gene is extremely well conserved in sheep, even between sheep of very different breeds. We could not find polymorphisms in the coding region of the RPSA gene that can play a direct role in the RPSA-PrP C /PrP Sc interaction. Because the variability in scrapie susceptibility cannot be subscribed to structural mutations in the RPSA gene, other strategies have to be examined for the treatment of scrapie. For example, several research groups are investigating the downregulation of RPSA in different species like human and mice (Leucht et al., 2003 (Leucht et al., , 2004 . Complete knock-out of RPSA is not possible because it results in apoptosis due to the multiple essential functions of the protein (Ardini et al., 1998; Scheiman et al., 2010) .
The RPSA gene is very conserved not only in the ovine species, but also between different species. The three main ruminants, namely sheep, goat, and cattle, share 100% identity in their amino acid sequence (GenBank: ADE09296 (sheep), ADI56590 (goat), and DAA17125 (cattle)). Because the RPSA protein is 100% identical in the three species, the observed species barrier for transmission of certain prion strains cannot be ascribed to polymorphisms in the RPSA protein.
One can wonder if the two features of the RPSA gene observed in this study, namely a substantial amount of processed pseudogenes and extreme conservation, are linked to each other. Processed pseudogenes arise by retrotransposition of the mRNA of the ancestral gene into the genome. Because the fixation in the genome requires gene expression in the germ line, it is evident that the majority of gene families with several processed pseudogenes are often housekeeping genes which are highly expressed in the germ line . Secondly, housekeeping genes are under stronger selective constraints than tissue-specific genes and, therefore, evolve more slowly, hence are more conserved (Zhang and Li, 2004) . Moreover, housekeeping genes are significantly more likely to have orthologs in other species relative to other genes (She et al., 2009) . It is therefore not surprising that characteristics like high conservation and multiple pseudogenes are associated with each other. Consequently, when performing molecular analysis of a conserved gene, one has to keep in mind that those genes are often housekeeping genes and that there is a high possibility that pseudogenes can interfere with for example sequencing, mapping, polymorphism detection, genotyping, association analysis, and mRNA expression studies.
CONCLUSION
Until now 48 ovine RPSA pseudogenes have been discovered. All of them are processed except for 3 semi-processed ovine pseudogenes bearing a snoRNA in their remnant intron 4. Fifty-six bovine RPSA pseudogenes were detected (55 processed and 1 semi-processed) out of which 42 are orthologs of ovine pseudogenes. In a mutation analysis of the whole coding and exon-flanking non-coding region of the functional full-length ovine RPSA gene, 19 mutations were discovered of out which 1 is positioned in the 5' UTR, 17 in the different introns, and 1 silent mutation in the coding region. An interesting mutation was revealed in the SNORA62 gene, leading to potential ribosomal defects. No structural mutations that can play a direct role in the RPSA-PrP C /PrP Sc interaction were found but regulatory mutations in the ovine RPSA gene still can have an effect on prion diseases. Furthermore, it was established that sheep, goat, and cattle have 100% identical RPSA proteins. Consequently, differences in the RPSA proteins are not responsible for the observed species barrier in prion diseases.
